Since publication of the CRASH-2 and MATTERs studies, the US military has included tranexamic acid (TXA) in clinical practice guidelines. While TXA was shown to decrease mortality in trauma patients requiring massive transfusion, improper administration and increased risk of venous thromboembolism remain a concern.
T he use of tranexamic acid (TXA) as a component of massive transfusion protocols has become standard of care for military combat trauma with life-threatening hemorrhage. The initial interest in TXA for trauma followed the publication of the CRASH-2 trial, 1 a randomized placebocontrolled trial that found a reduction in all-cause mortality in trauma patients given TXA. Tranexamic acid gained further attention in military trauma care following the publication of the MATTERs study, 2 which corroborated the results of the CRASH-2 trial with the finding that TXA administration was independently associated with an increase in survival, especially in casualties receiving a massive transfusion (MT), defined as 10 or more units of packed red blood cells within 24 hours. Subsequent to these publications, the US military's Joint Trauma System (JTS) incorporated TXA administration into clinical practice guidelines (CPGs), including guidelines for Tactical Combat Casualty Care (TCCC), which apply to care from point of injury through evacuation to surgical care, and recommended the administration of TXA in patients who sustain injury and are likely to require MT. 3, 4 Despite this robust emphasis on TXA for military combat use, there are multiple questions that still surround the use of TXA. For the greatest survival benefit, TXA should be given within the first hour from injury, starting with a 1-g loading dose given over 10 minutes followed by a 1-g infusion over 8 hours. If given after 3 hours from injury, the survival benefit decreases and mortality actually increases. 5 In addition, although TXA administration was not found to independently predict venous thromboembolism (VTE) in the MATTERs study, 2 the presence of these events was statistically higher on univariate analysis in patients who received TXA. The recent National Academies of Sciences, Engineering, and Medicine report 6 on trauma care stressed data-driven clinical guidelines and process improvement initiatives. With that in mind, the goals of this study are 2-fold. First, given the constraints inherent to medical care in a combat environment, we sought to determine variance from JTS TXA CPG recommendations in a cohort of combat casualties arriving at a military treatment facility in the continental United States. Second, we aimed to determine if TXA was an independent risk factor for VTE in our patient population. We hypothesized that TXA administration varied from JTS recommendations over time and that its use is associated with an increased risk for VTE.
Methods

Study Design and Data Collection
This retrospective study of all combat casualties injured in Iraq or Afghanistan and evacuated to a single continental US military treatment facility between 2011 and 2015 was approved by the Walter Reed National Military Medical Center Institutional Review Board. Informed consent was waived because data were collected from a deidentified database. Data were obtained from the JTS US Department of Defense Trauma Registry for all combat casualties who arrived at the Walter Reed National Military Medical Center. Basic demographic information and clinical characteristics, including 24-hour and total blood product administration, were recorded. Tranexamic acid use and, when possible, timing of administration from point of injury were captured. All medical records were reviewed to determine if casualties sustained a VTE at any point after injury. All cases of VTE in this cohort were defined as computed tomography-confirmed or ultrasonography-confirmed deep venous thrombosis or pulmonary embolus when the primary team determined treatment was indicated with either anticoagulation or insertion of an inferior vena cava filter. Patients were grouped first based on receipt of MT, then by receipt of TXA, and then by confirmation of VTE ( Figure 1 ). Subgroups were created based on receipt of an MT, defined as receiving 10 or more units of blood products (ie, whole blood, packed red blood cells, fresh frozen plasma, cryoprecipitate, or platelets) in the first 24 hours following injury. Appropriateness of TXA administration was assessed for all patients. Tranexamic acid administration was deemed appropriate when a patient received both an MT and TXA within 3 hours of injury or when a patient received neither TXA nor an MT. 3 Deviations from this standard in administration were defined as overuse when a patient received TXA but did not receive an MT, as underuse when a patient received an MT but was not administered TXA, and as delayed administration when TXA was administered to a patient more than 3 hours after injury but did receive an MT.
Data Analysis
The percentage of appropriate TXA administrations for the total patients cared for was calculated for every 3-month period over the course of the study and compared over time. The overuse rate was calculated as the number of overuses divided by the total number of patients cared for each quarter within our data set (ie, overuse rate = number of overuses/total number patients treated). The underuse rate was calculated as the number of underuses divided by the total number of patients cared for each quarter (ie, underuse rate = number of underuses/total number of patients treated). Linear regression was used to assess changes in trends of TXA administration over time, with data points weighted by the total number of patients within the data set in each quarter. Total numbers of overuses and underuses were also calculated for each individual medical treatment facility that patients were initially
Key Points
Question How has the US military used tranexamic acid (TXA) in combat trauma patient care, and has this affected venous thromboembolic events?
Findings In this cohort study of 455 combat trauma patients, we found that military physicians and first responders have decreased the number of missed doses of TXA but have increased overadministration of TXA. Additionally, TXA administration was an independent risk factor for venous thromboembolic events.
Meaning Revisiting the clinical practice guidelines and continued education on TXA administration should be undertaken to maximize the benefit of and limit complications from TXA use.
evacuated to and compared to determine if a single site was responsible for a disproportionate amount of the deviations from CPGs.
Statistical Analysis
Differences between the groups of patients who sustained a VTE vs those who did not were compared using unpaired t test for continuous variables and χ 2 or Fisher exact tests for categorical variables. Univariate analysis was conducted for age, blast exposure (mechanism of injury involving explosion), Injury Severity Score, number of units of blood product in first 24 hours and total in theater, presentation heart rate and blood pressure, presentation hematocrit level, presentation Glasgow Coma Scale score, and TXA administration. Variables that achieved P < .15 were analyzed by multivariate logistic regression. Subgroup analyses of the cohorts of patients who did and did not receive an MT were also conducted in the same manner. All P values were 2-tailed, and significance was set at P < .05. All statistics were performed in STATA version 12.1 (StataCorp).
Results
Demographic Information
We included 455 eligible patients who were treated at the Walter Reed National Military Medical Center during the study period. A total of 441 patients (99.1%) survived to discharge. The 4 deaths in our cohort all followed withdrawal of care in patients who experienced severe traumatic brain injuries. Table 1 lists the basic demographic information, clinical characteristics, blood product use, and the occurrence of venous thromboembolic complications for the total cohort and for the subsets of patients who did and did not receive an MT. In general, the patients who received TXA were younger (mean age, 25.2 years vs 27.4 years; P = .001), more likely to have explosion as the mechanism of injury (explosion as mechanism of injury, 77.9% vs 59.0%; P < .001), had higher Injury Severity Scores (mean score, 27.8 vs 15.6; P < .001), received more blood products (mean total blood products, 34.5 units vs 5.2 units; P < .001), and experienced a greater rate of VTE complications (VTE rate, 34.5% vs 6.8%; P < .001).
Variance in Administration
Tranexamic acid overuse (patients who received TXA and no MT) was found in 18 of 145 patients (12.4%) who received TXA, underuse (patients who received an MT but no TXA) in 46 of 173 patients (26.6%) who received an MT, and delayed administration (TXA given after 3 hours from injury) in 6 of 145 patients (4.1%) who received TXA. Figure 1 displays the breakdown of TXA administration within these different groups. Deviations from the CPG occurred at 17 of 25 included military treatment facilities. Of the 17 locations where this occurred, no location committed a statistically disproportionate number of deviations from the CPG. The overuse cohort received more blood products and had a nonstatistically significant increased rate of VTE (16.7% vs 4.9%; P = .07) compared with patients who did not receive an MT or TXA. In the underuse group, patients who did not receive TXA (but should have based on CPG) were older, had a lower presentation heart rate, received less blood products, and had a lower rate of VTE compared with patients who received an MT and TXA.
Within the 4.5 years of data included in the study, the mean (range) overuse rate per quarter was 5.4% (range, 0-25.0), and the mean (range) underuse rate per quarter was 6.7% (range, 0-22.6). Figure 2 and Figure 3 display the rates over time for overuse and underuse, respectively. On linear regression, the overuse rate increased at a rate of 3.3% per quarter (95% CI, 4.0-9.9; P < .001; R 2 = 0.340), and the underuse rate decreased at a rate of −4.4% per quarter (95% CI, −4.5 to −3.6; P < .001; R 2 = 0.410). The overall rate of deviations from the CPG and the delayed administration rate did not change over time.
Thromboembolic Complications
A total of 71 VTE events occurred, for an overall rate of 15.6%. Figure 1 displays the breakdown of VTE among patients who did and did not receive TXA and/or an MT. On logistic regression controlling for variables on univariate analysis with P < .15 (Table 2) , TXA administration was found to be an independent risk factor for VTE (odds ratio [OR], 2.58; 95% CI, 1.20-5.56; P = .02). Injury Severity Score was also found on logistic regression to predict VTE (OR, 1.06; 95% CI, 1.03-1.09; P < .001).
In the subgroup analysis of the MT cohort, the rate of VTE was 31.8%, and TXA administration was associated with an increased risk for VTE (OR, 2.80; 95% CI, 1.20-6.49; P = .02). In the subgroup that did not receive an MT, the VTE rate was 5.7%, and TXA administration (overuse) was not statically significantly associated with VTE in this group (OR, 3.9; 95% CI, 0.99-15.03; P = .07).
Discussion
To our knowledge, this is among the first published studies that have demonstrated TXA administration to be independently associated with VTE in combat casualties. We also found that since the implementation of the CPG, there has been an increased use of TXA in patients not requiring an MT. The application of TXA in this scenario was considered overuse and deemed inappropriate, as these patients were less likely, if at all, to benefit from TXA. This situation likely involved preemptive TXA delivery in patients expected to need an MT but ultimately not requiring one. Given that the current published data does not demonstrate a reduction in blood product transfusion requirements with TXA, we suggest that this was an overuse vs a drug effect of TXA in reducing transfusion requirements. Conversely, our results show that TXA administration was neglected in fewer patients receiving an MT; that is, more patients requiring an MT appropriately received TXA over time. In this setting, not giving TXA was considered an underuse, as mortality is reduced in these patients requiring an MT when TXA is administered.
Our findings suggest that there was adequate dissemination and implementation of the CPG among medical personnel but potential overuse noncompliance with TXA administration. Medication overuse noncompliance is far from unique to combat casualty care, with battles to reduce the overuse of antibiotics 7 and opioids 8 being 2 well-known examples in the medical community. Nonetheless, the variation in drug use we discovered provides an opportunity for increased education with evidence-based medicine to address this issue and un- derscores the importance of process improvement in light of the increased risk for VTE. This study was not designed to assess mortality, as almost all patients survived to discharge from our center, and the few deaths that occurred were unrelated to VTE. Consequently, this study does not address or challenge the survival benefit demonstrated in the CRASH-2 1 and MATTERs 2 publications. The reported survival benefit is credited to the antifibrinolytic properties, as hyperfibrinolysis has been shown to increase mortality in hemorrhaging trauma patients, 9 while the low complication rate (VTE) has been attributed to TXA's mechanism of preventing thrombus breakdown but not propagating clot formation. 10,11 However, we demonstrated that VTE is independently associated with TXA administration and caution that adverse consequences may outweigh benefits with inappropriate administration. Further, we suggest that TXA's antifibrinolytic action may enhance thrombus formation. The subset analysis of the CRASH-2 trial 5 in which administration of TXA greater than 3 hours after injury was associated with increased mortality previously demonstrated that the benefit of TXA is constrained by a requirement for early administration. This also suggests that the reversal of the hyperfibrinolytic state, reportedly attributed to survival, is limited to the first 3 hours after injury, a finding that remains unexplained. Our data add that the benefits of TXA administration may be further limited by an increased risk for VTE, and we contend that this constraint requires greater discretion in patient selection for TXA administration so that those patients less likely to benefit are not subjected to increased risk. This study differs from previous studies in its selection of VTE as the primary end point and by studying a patient population at particularly high risk for VTE. Our overall VTE rate of 15.6% is substantially higher than the CRASH-2 1 and MATTERs 2 studies, which reported rates of VTE of 1.8% and 4.0%, respectively. However, our rate is similar to the incidence others have published for combat casualty studies where VTE was a central focus. 12 The trauma patient is known to be at increased risk for VTE, 13, 14 and the combat trauma patient population subset is at even higher risk. 15, 16 In addition, our cohort was severely injured and required medical evacuation to the US, with prolonged periods of immobility. 15, 17 These factors place our patients at great risk for VTE and may explain our higher event rates. This study further benefited from its access to and review of all inpatient and outpatient medical records, allowing for the best possible capture of all VTE events. Based on our results, we suggest further investigation into TXA administration for use on combat casualties. Given the current published data regarding the greatest benefit for TXA administration (given within 1 hour of injury and to patients requiring an MT), 1,2,5 perhaps TXA should be limited to situations in which a patient is experiencing life-threatening hemorrhage, evidenced by hemodynamic instability, with observed major blood loss, such as with a lower extremity amputation, and the time to damage control surgery is greater than 1 hour after injury. It could be that for maximum benefit, TXA therapy should be individualized and data driven based on thromboelastography results. Further, as a process improvement initiative, the military medical community should be continuously educated on the risks and benefits of TXA, with emphasis on identification of patients who should receive TXA in combat under their care. This should also be reflected in the CPGs to ensure variations in TXA use are minimized or eliminated. Finally, as a medical community, we may be willing to accept some overuse to minimize underuse of TXA, but in general, we would suggest that this is not good practice. Future research needs to focus on identifying patients who will benefit the most from TXA and who are likely to be at the greatest risk of VTE. Obviously, TXA administration should be limited to the subset of patients who receive the maximum benefit while mitigating the complications in those patients who may be receiving TXA without any added benefit at all. Current evidence suggests that patients receiving MT for traumatic hemorrhage likely have the most to gain from TXA administration 2 ; however, this needs to be better defined. Additionally, identifying those patients at greatest risk for VTE will allow for potentially more aggressive prophylaxis or early screening, which could limit complications.
Limitations
There are several limitations that deserve mentioning. This was a retrospective study, so limitations inherent to this type of design must be taken into account. We do not have specific data on the location of TXA administration (prehospital vs in hospital) or any thromboelastography data that may have driven TXA use. The JTS database includes only patients who survived to evacuation to a role 3 or combat support hospital. Consequently, there likely is a survival bias that may influence our results. Further, given the relatively small size, especially of the subgroups, there is a possibility for type II errors. While we attempted to control for confounding with multivariate analysis, the possibility of this occurs in a nonrandomized trial. The subgroup analyses did not identify TXA as an independent association with VTE in either of the cohorts that did and did not receive an MT. This may be because of the small sample sizes and the low number of VTE events within these subgroups.
Conclusions
In our cohort of combat casualties, we found VTE to be a relatively common complication and identified TXA to be an independent risk factor for a VTE event. While military medical teams reduced missed opportunities to administer TXA appropriately in patients receiving an MT, there has been a reciprocal increase in the potential overuse of TXA during the same period. There are limitations to when and where TXA can be given, and there is a need for continual education and training. Careful selection of patients to include field-expedient indications and individualized administration will improve assurance that therapeutic benefit outweighs any potential harm. Author Contributions: Drs Johnston and Bradley had full access to all the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis. 
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